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Cobalt-phosphorous  (Co-P)  catalysts  with  a  high  hydrogen  generation  rate  in  alkaline  sodium  borohy¬ 
dride  (NaBH4)  solution  are  developed  by  electroless  deposition.  The  microstructures  of  the  Co-P  catalysts 
and  their  catalytic  activities  for  hydrolysis  of  NaBH4  are  analyzed  as  a  function  of  the  electroless  deposi¬ 
tion  conditions  such  as  the  pH  and  temperature  of  the  Co-P  bath.  The  electroless-deposited  Co-P  catalysts 
are  composed  of  nano-crystalline  Co  and  amorphous  Co-P.  The  size  of  the  nano-crystalline  Co  particles 
dispersed  in  amorphous  Co-P  matrix  depends  largely  on  the  electroless  deposition  conditions.  More¬ 
over,  Co-P  catalysts  with  finer  crystalline  Co  exhibit  a  higher  hydrogen  generation  rate.  In  particular, 
the  Co-P  catalysts  formed  in  a  pH  12.5  bath  at  60-70  °C  exhibit  the  best  hydrogen  generation  rate  of 
3300  ml  min-1  g-1  -catalyst  in  1  wt.%  NaOH  +  lOwt.%  NaBH4  solution  at  30  °C,  which  is  60  times  faster 
than  that  obtained  with  a  Co  catalyst. 

©  2008  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Proton  exchange  membrane  fuel  cells  (PEMFCs)  using  hydrogen 
as  a  fuel  are  attractive  alternative  power  sources  for  vehicles  and 
portable  electronic  devices  due  to  their  high  efficiency,  high  power 
density,  and  zero  emission  of  environment  pollutants.  In  order  to 
utilize  PEMFCs  successfully,  it  is  essential  to  develop  a  safe  and 
convenient  hydrogen  storage  and  production  system. 

During  the  past  few  decades,  many  efforts  have  been  made  to 
develop  hydrogen  storage  systems  with  high  capacity  using  high 
pressure  vessels  [1],  metal  hydrides  [2,3]  and  carbon  nanotubes 
[4].  Despite  this  work,  the  hydrogen  storage  density  in  terms  of 
specific  energy  density  is  still  not  sufficient  for  commercial  appli¬ 
cations.  Recently,  chemical  hydrides  such  as  NaBH4,  LiBH4,  NaH 
and  NaAlH4  have  received  considerable  attention  as  more  promis¬ 
ing  hydrogen  storage  materials.  Among  them,  sodium  borohydride 
(NaBH4)  provides  safe  and  practical  means  of  hydrogen  storage  and 
production  at  an  economical  cost  compared  with  other  chemical 
hydrides  [5-15]. 
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NaBH4  offers  a  high  hydrogen  storage  density  up  to  10.8  wt.%, 
and  is  able  to  produce  hydrogen  by  a  hydrolysis  reaction: 

NaBH4  +  2H20  =  NaB02+4H2,  AH=  217  kj  (1) 

The  hydrolysis  rate  of  NaBH4  is  very  sensitive  to  pH,  and 
decreases  with  increase  in  pH  [5].  This  means  that  the  hydrolysis 
of  NaBH4  is  significantly  restrained  in  an  alkaline  solution.  There¬ 
fore,  an  alkaline  NaBH4  solution  is  able  to  store  hydrogen  safely 
and  stably  at  room  temperature.  For  hydrogen  generation  from  the 
alkaline  NaBH4  solution,  suitable  catalysts  are  required  to  promote 
the  hydrolysis  of  NaBH4.  In  particular,  noble  metal  catalysts  such 
as  Ru  and  Pt  have  been  reported  to  exhibit  high  catalytic  activity 
for  the  hydrolysis  of  NaBH4  [6-8].  These  noble  metal  catalysts  are 
very  expensive,  however,  and  it  is  therefore  necessary  to  develop  an 
economical  alternative  catalyst  with  high  catalytic  activity.  To  solve 
this  problem,  various  catalysts  based  on  transition  metals  such  as 
Co,  Ni,  Co-B  and  Ni-B  have  been  studied  [9-14].  Above  all,  Co-B 
catalysts  exhibit  the  highest  activity  for  NaBH4  hydrolysis  equiva¬ 
lent  to  that  of  noble  metal  catalysts.  Nevertheless,  because  most  of 
the  Co-B  catalysts  have  been  prepared  using  a  chemical  reduction 
method  without  a  substrate,  their  ability  to  be  used  repeatedly  in 
alkaline  NaBH4  solution  has  proven  to  be  a  challenge.  Accordingly, 
the  development  of  Co-based  catalysts  with  not  only  high  catalytic 
activity  but  also  strong  adhesion  between  a  substrate  and  the  cata¬ 
lyst  material  is  required  for  more  practical  use.  Cho  and  Kwon  [15] 
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reported  that  Co-P  catalysts  electrodeposited  on  a  copper  substrate 
gave  18  times  higher  catalytic  activity  for  NaBH4  hydrolysis  than  Co 
catalysts.  Moreover,  contrary  to  the  powdery  catalysts  formed  by 
a  chemical  reduction  method,  the  electrodeposited  Co-P  catalysts 
can  be  used  repeatedly  due  to  strong  adhesion  between  the  Cu  sub¬ 
strate  and  the  Co-P  electrodeposits.  Unfortunately,  it  is  difficult  to 
electrodeposit  uniformly  a  Co-P  layer  on  a  porous  substrate  such  as 
a  foam  metal  due  to  a  relatively  low  throwing  power.  In  this  regard, 
electroless  deposition  may  be  an  alternative  for  achieving  a  uniform 
catalyst  layer  on  a  porous  substrate  with  large  surface  area.  Fur¬ 
thermore,  electrodeposited  Co-P  catalysts  can  be  only  formed  on  a 
conducting  substrate  such  as  metal,  but  electroless-deposited  Co-P 
catalysts  have  an  advantage  in  that  they  can  be  formed  uniformly 
on  polymer  and  ceramic  substrates  as  well  as  metal.  Nevertheless, 
the  effects  of  electroless-deposited  Co-P  catalysts  on  the  hydrolysis 
of  NaBH4  have  not  yet  been  studied. 

In  the  present  work,  the  influence  of  electroless  deposition  con¬ 
ditions  such  as  the  pH  and  the  temperature  of  the  Co-P  bath  on  the 
microstructures  of  the  Co-P  catalysts  and  their  hydrogen  genera¬ 
tion  properties  in  alkaline  NaBH4  solution  are  examined  in  order  to 
develop  Co-P  catalysts  with  excellent  efficiency  for  NaBH4  hydrol¬ 
ysis. 

2.  Experimental 

2.1.  Preparation  of  catalysts 

A  Cu  sheet  with  an  exposed  surface  area  of  16  cm2  was  used 
as  a  substrate  for  Co-P  electroless  deposition.  The  sheet  was  cat¬ 
alyzed  in  a  SnCl2  (1  gL-1)  +  HCl(l  ml  L-1)  solution  for  3  min  at  25  °C, 
accelerated  in  a  PdCl2  (0.1  g  L-1 )  +  HC1  (1  ml  L-1 )  solution  for  1  min 
at  25  °C,  and  washed  with  distilled  water  prior  to  the  electroless 
deposition. 

The  electroless  deposition  of  Co-P  was  conducted  in  a  chloride- 
based  solution  that  was  agitated  with  a  magnetic  stirrer  at  100  rpm. 
The  bath  composition  was  0.1  M  C0CI2  6H2O,  0.6  M  NH2CH2COOH 
and  0.8  M  NaH2P02  H20,  as  employed  by  Tarozaite  et  al.  [16].  The 
pH  of  the  Co-P  bath  was  varied  from  10  to  13  by  the  addition 
of  NaOH,  and  temperature  was  controlled  from  50  to  90  °C  by 
means  of  a  thermostat.  The  surface  morphologies  and  composi¬ 
tions  of  the  Co-P  catalysts  were  analyzed  with  scanning  electron 
microscopy  (SEM),  energy  dispersive  spectroscopy  (EDS),  X-ray 
diffraction  (XRD),  and  transmission  electron  microscopy  (TEM). 

2.2.  Measurement  of  hydrogen  generation  rate 

To  examine  the  effects  of  the  electroless  deposition  conditions 
on  the  hydrogen  generation  properties  of  the  Co-P  catalysts,  hydro¬ 
gen  generation  tests  were  performed  in  50  ml  1  wt.%  NaOH  + 10  wt.% 
NaBH4  solution  at  30  °C.  The  volume  of  generated  hydrogen  gas  was 
measured  by  a  gas  flow  meter.  The  reactor  was  immersed  in  a  water 
bath  to  stabilize  the  temperature,  and  no  stirring  was  carried  out 
in  the  reactor. 

3.  Results  and  discussion 

3.1  Effects  of  pH  in  Co-P  bath 

In  order  to  control  the  deposited  weight  of  the  Co-P  catalysts, 
the  deposition  rate  from  the  Co-P  bath  at  80  °C  was  examined  as 
a  function  of  pH;  the  results  are  presented  in  Fig.  1.  As  the  bath 
pH  is  increased  from  10  to  12,  the  deposition  rate  of  the  Co-P  cata¬ 
lysts  increases  from  0.101  to  0.335  mg  min-1  cm-2.  When  the  pH  is 
further  increased  to  pH  13,  however,  the  deposition  rate  decreases. 
Especially,  in  the  case  of  the  pH  13  bath,  the  Co-P  catalysts  reduce 


spontaneously,  even  without  immersion  of  the  Cu  substrate,  and 
precipitated  in  the  bath.  This  resulted  in  a  significant  decrease  in 
their  deposition  rate  to  0.012  mg  min-1  cm-2. 

The  surface  morphologies  of  the  electroless-deposited  Co-P  cat¬ 
alysts  largely  depend  on  the  bath  pH,  as  shown  in  Fig.  2.  The  weight 
of  the  Co-P  deposits  is  1.25  mg  cm-2.  In  the  Co-P  bath  of  pH  10,  fine 
and  ridge-shaped  Co-P  crystals  are  formed  on  the  Cu  substrate  and 
are  arranged  randomly.  Moreover,  coarse  Co-P  crystals  with  poly¬ 
hedral  shape  as  well  as  fine  crystals  are  observed  locally.  As  the 
bath  pH  was  increased  to  12.5,  the  number  of  coarse  Co-P  crystals 
increases  and  their  shape  gradually  transforms  from  a  polyhedral 
to  a  spherical  shape.  It  is  notable  that  micro-cracks  are  present  on 
the  fine  Co-P  layer  as  this  indicates  that  high  residual  stress  exists 
within  the  layer  [17].  The  number  of  course  Co-P  crystals  decreases 
drastically  and  rough  surfaces  with  micro-cracks  are  formed  with 
further  increasing  the  bath  pH  to  13.  Fig.  2(f)  shows  the  cross- 
section  of  the  Co-P  deposited  in  the  bath  of  pH  12.5.  This  clearly 
shows  that  the  Co-P  deposit  consists  of  a  duplex  layer  structure  of 
outer  spherical  Co-P  particles  and  an  inner  flat  Co-P  layer.  From 
EDS  analysis,  it  is  found  that  the  Co-P  catalysts  deposited  at  pH 
10-13  contains  8-11  at.%  P,  which  indicates  that  the  chemical  com¬ 
position  of  the  Co-P  catalysts  is  not  dependent  on  the  pH  of  the 
Co-P  bath. 

For  all  the  Co-P  catalysts,  the  (10  0)  and  (101)  planes  of  the 
hexagonal  close  packed  (HCP)  Co  phase  are  detected,  and  the  sharp 
peaks  demonstrate  that  the  Co  deposit  is  a  crystalline  structure. 
The  peak  related  to  the  Co  and  P  compound  phase  is  not  detected, 
which  indicates  that  the  compound  has  an  amorphous  structure. 
A  TEM  image  and  an  electron  diffraction  pattern  of  a  Co-P  cata¬ 
lyst  formed  on  Cu  in  the  Co-P  bath  at  pH  12.5  are  presented  in 
Figs.  3  and  4,  respectively.  The  data  show  that  the  Co-P  catalyst 
consists  of  two  different  phases:  the  grey  regions  are  associated 
with  the  amorphous  phase  of  the  Co  and  P  compound,  and  the 
dark  spots  are  nano-crystalline  Co  particles  of  less  than  10  nm  in 
size.  Thus,  it  is  found  that  the  electroless-deposited  Co-P  cata¬ 
lysts  consist  of  nano-crystalline  Co  particles  precipitated  from  the 
amorphous  Co-P  matrix  phase. 

In  order  to  investigate  further  the  effects  of  bath  pH  on  the 
microstructure  of  the  electroless-deposited  Co-P  catalysts,  the 
average  crystalline  size  of  Co  phase  in  the  Co-P  catalysts  was  calcu¬ 
lated  based  on  the  Scherrer’s  equation  (Eq.  (2))  [18]  by  measuring 
the  breadth  at  half  intensity  for  the  HCP  Co(l  0  0)  and  Co  (101) 
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Fig.  2.  SEM  surface  images  of  Co-P  catalysts  electroless  deposited  from  Co-P  bath  of  (a)  pH  10,  (b)  pH  11,  (c)  pH  12,  (d)  pH  12.5,  and  (e)  pH  13  at  80  °C;  (f)  a  cross-section 
image  of  (d). 


peaks  shown  in  Fig.  5.  The  results  are  presented  in  Table  1 : 


In  Eq.  (2),  t  is  the  particle  size  (crystal  thickness),  B  is  the  breadth 
at  half  intensity  of  the  peak,  0  represents  Bragg  angle  of  the  peak, 
and  A  denotes  the  X-ray  wavelength.  As  the  bath  pH  is  increased 
from  10  to  12.5,  the  nano-crystalline  Co  size  in  the  Co-P  catalysts 
decreases  significantly  from  16.9  to  5nm.  When  the  bath  pH  is 
further  increased  to  13,  however,  the  size  abruptly  increases  to 
17.7  nm.  Thus,  it  is  concluded  that  the  bath  pH  may  be  a  critical 
factor  in  determining  the  hydrogen  generation  properties  of  the 
electroless-deposited  Co-P  catalysts,  because  the  catalytic  activity 


of  the  amorphous  Co-P  compound  for  the  hydrolysis  of  NaBH4  is 
much  higher  than  that  of  crystalline  Co  [15]. 


Table  1 

Size  of  Co  crystals  in  Co-P  catalysts  electroless  deposited  from  Co-P  bath  of  pH  10-13 
at  80  °C 


pH  in  Co-P  bath 

Average  Co  crystal  size  (nm)  measured  from  HCP 
Co(l  00),  (1  0 1)  peaks  by  Scherrer’s  equation 

10 

16.9 

11 

14.5 

12 

7.9 

12.5 

5.0 

13 

17.7 
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Fig.  3.  TEM  image  of  Co-P  catalysts  electroless  deposited  from  Co-P  bath  of  pH  12.5 
at  80  °C  (dark  spots:  Co  crystals;  grey  region:  amorphous  Co-P). 


Fig.  6  shows  the  effects  of  the  bath  pH  on  the  hydrogen  gen¬ 
eration  properties  of  the  electroless-deposited  Co-P  catalysts  in 
a  solution  of  lwt.%  NaOH  and  10wt.%  NaBH4  at  30  °C.  As  the 
pH  of  the  Co-P  bath  is  increased  from  10  to  12.5,  the  hydro¬ 
gen  generation  rate  of  the  Co-P  catalysts  increases  from  260  to 
3100  ml  min-1  g_1 -catalyst.  With  a  further  increase  in  the  pH  to 
13,  however,  the  hydrogen  generation  rate  decreases  dramatically 
to  170  ml  min-1  g_1 -catalyst.  In  our  previous  study  [15],  it  was 
reported  that  a  Co  catalyst  in  the  same  solution  of  1  wt.%  NaOH 
and  10 wt.%  NaBH4  at  30 °C  gave  a  hydrogen  generation  rate  of 
52  ml  min-1  g-1  -catalyst.  Thus,  the  Co-P  catalyst  that  is  electroless 
deposited  in  a  pH  12.5  bath  yields  a  hydrogen  generation  rate  that 
is  60  times  higher  than  with  a  Co  catalyst. 

From  Table  1  and  Fig.  6,  it  is  found  that  the  microstructures 
and  hydrogen  generation  properties  of  the  electroless-deposited 
Co-P  catalysts  depend  largely  on  the  pH  of  the  Co-P  bath.  It  is 
significant  that  as  the  size  of  the  nano-crystalline  Co  in  the  Co-P 
catalysts  decreases,  the  catalytic  activity  increases.  In  particular,  the 
Co-P  catalyst  electroless  deposited  in  a  bath  at  pH  12.5  consists  of 
the  smallest  Co  nano-crystals  (average  5  nm  diameter)  precipitated 
from  the  amorphous  Co-P  phase,  and  shows  the  best  hydrogen  gen- 


Fig.  4.  Electron  diffraction  pattern  of  Co-P  catalysts  electroless  deposited  from  Co-P 
bath  of  pH  12.5  at  80  °C  (the  amorphous  and  polycrystalline  structure). 
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Fig.  5.  XRD  patterns  of  Co-P  catalysts  electroless  deposited  on  Cu  sheet  from  Co-P 
bath  of  (a)  pH  10,  (b)  pH  11,  (c)  pH  12,  (d)  pH  12.5,  and  (e)  pH  13  at  80°C. 


eration  rate  of  3100  ml  min-1  g_1 -catalyst  in  a  solution  of  1  wt.% 
NaOH  and  10  wt.%  NaBH4  at  30  °C. 

3.2.  Effects  of  temperature  in  Co-P  bath 

The  effects  of  bath  temperature  on  the  surface  morphologies  of 
the  Co-P  catalysts  electroless  deposited  on  a  Cu  substrate  in  a  Co-P 
bath  at  pH  12.5  were  examined  (Fig.  7).  The  weight  of  the  Co-P 
deposits  is  1.25  mg  cm-2  for  all  the  Co-P  catalysts.  The  Co-P  cat¬ 
alyst,  which  shows  a  duplex  layer  structure  with  outer  spherical 
Co-P  particles  on  an  inner  flat  Co-P  layer,  is  formed  on  the  Cu  in 
the  bath  at  50  °C.  Moreover,  micro-cracks  are  detected  on  the  flat 
Co-P  layer.  These  are  caused  by  the  high  residual  stress  within  the 
layer.  When  the  bath  temperature  is  increased  from  50  to  90  °C,  the 
number  of  the  Co-P  crystals  decreases  gradually.  It  appears,  how¬ 
ever,  that  the  surface  morphologies  of  the  Co-P  catalysts  are  less 
sensitive  to  the  bath  temperature  than  to  the  bath  pH.  In  addition, 
the  chemical  composition  of  the  Co-P  catalysts  is  almost  the  same 
with  Co-8-9  at.%  P,  irrespective  of  the  bath  temperature. 

XRD  patterns  of  the  Co-P  catalysts  electroless  deposited  at 
different  temperature  are  presented  in  Fig.  8.  For  the  catalysts 
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Fig.  6.  Effects  of  pH  in  Co-P  bath  on  hydrogen  generation  properties  of  Co-P  cata¬ 
lysts  deposited  from  Co-P  bath  of  pH  10-13  at  80  °C. 
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Fig.  7.  SEM  surface  images  of  Co-P  catalysts  electroless  deposited  from  Co-P  bath  at  (a)  50  °C,  (b)  60  °C,  (c)  70  °C,  (d)  80  °C,  and  (e)  90  °C  at  pH  12.5. 


deposited  at  50  and  60  °C,  the  (10  0)  plane  of  the  HCP  Co  phase 
is  detected,  and  the  broad  peak  indicates  that  the  Co  phase  has  a 
polycrystalline  structure  and  its  crystal  size  is  very  small.  As  seen 
in  Fig.  3,  however,  the  peaks  related  to  the  Co-P  compound  phase 
are  not  detected,  which  demonstrates  that  the  Co-P  compound  is 
amorphous.  When  the  temperature  is  increased  to  70  °C,  the  peak 
intensity  of  the  Co(l  0  0)  plane  is  slightly  decreased.  With  a  further 
increase  in  the  temperature  to  90 °C,  the  Co(l  01)  plane  as  well 
as  the  (10  0)  plane  are  detected  and  the  intensity  of  the  Co  peaks 
increases  again.  The  crystal  size  Co-P  catalyst  formed  at  different 
bath  temperatures  were  calculated  by  Scherrer’s  equation  and  are 
presented  in  Table  2.  The  results  clearly  show  that  the  largest  Co 
crystal  size  of  8.1  nm  is  obtained  at  90  °C. 


The  effects  of  bath  temperature  during  electroless  deposition 
on  the  hydrogen  generation  properties  of  the  Co-P  catalysts  in  a 


Table  2 

Size  of  Co  crystals  in  Co-P  catalysts  electroless  deposited  from  Co-P  bath  of  pH  12.5 
at  80  °C 


Temperature  of 

Co-P  bath  (°C) 

Average  Co  crystal  size  (nm)  measured  from  HCP 
Co(l  00),  (1  0 1)  peaks  by  Scherrer’s  equation 

50 

_ 

60 

6.0 

70 

4.2 

80 

5.0 

90 

8.1 
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Fig.  8.  XRD  patterns  of  Co-P  catalysts  electroless  deposited  on  Cu  sheet  from  Co-P 
bath  at  (a)  50  °C,  (b)  60  °C,  (c)  70  °C,  (d)  80  °C,  and  (e)  90  °C  at  pH  12.5. 

solution  of  1  wt.%  NaOH  and  10wt.%  NaBH4  at  30  °C  are  presented 
in  Fig.  9.  As  the  temperature  is  increased  from  50  to  60  °C,  the 
hydrogen  generation  rate  of  the  Co-P  catalysts  rises  from  2584 
to  3300  ml  min-1  g-1  -catalyst.  The  hydrogen  generation  rate  of 
the  Co-P  catalysts  deposited  at  70  and  80  °C  is  almost  same  as 
that  at  60  °C.  When  the  temperature  is  further  increased  to  90  °C, 
however,  the  hydrogen  generation  rate  significantly  decreases  to 
2300  ml  min-1  g_1 -catalyst. 

From  the  above  results,  it  is  revealed  that  Co-P  catalysts  with 
smaller  crystalline  Co  have  a  higher  hydrogen  generation  rate,  as 
suggested  by  the  dependence  of  the  catalytic  activity  on  the  pH  of 
the  Co-P  bath  in  Section  3.1 .  The  Co-P  catalyst  electroless  deposited 
in  pH  12.5  baths  at  60-70  °C  have  the  smallest  Co  nano-crystals  in 
the  amorphous  Co-P  phase,  and  exhibit  the  best  hydrogen  genera¬ 
tion  rate  of  3300  ml  min-1  g-1  -catalyst  in  a  solution  of  1  wt.%  NaOH 
and  10  wt.%  NaBH4  at  30  °C. 

3.3.  Hydrogen  generation  kinetics  of  Co-P  catalysts 

Fig.  10  shows  the  hydrogen  generation  kinetics  of  the  Co-P 
catalyst  in  a  solution  of  1  wt.%  NaOH  and  10  wt.%  NaBH4  at  vari¬ 
ous  temperatures  from  10  to  40  °C.  The  Co-P  catalyst  electroless 


1  wt.%  NaOH  +  10  wt.%  NaBH  solution  at  x°C 

4 


Fig.  10.  Effects  of  the  alkaline  NaBH4  solution  temperature  on  hydrogen  generation 
properties  of  Co-P  catalysts  electroless  deposited  from  Co-P  bath  at  pH  12.5  at  60  °C, 
in  10  wt.%  NaBH4  + 1  wt.%  NaOH  at  x°C(x=  10,  20,  30,  40 °C). 

deposited  on  Cu  in  a  Co-P  bath  of  pH  12.5  at  60  °C  was  used. 
With  a  rise  in  temperature  from  10  to  40  °C,  the  hydrogen  gen¬ 
eration  rate  of  the  Co-P  catalyst  greatly  increases  from  570  to 
5850  ml  min-1  g_1 -catalyst.  Moreover,  the  hydrogen  generation 
reaction  can  be  considered  to  be  of  zero  order;  the  hydrogen  gener¬ 
ation  rate  is  constant  with  reaction  time,  which  indicates  that  the 
hydrolysis  of  NaBH4  by  the  Co-P  catalyst  does  not  depend  on  the 
concentration  of  NaBH4  remaining  in  the  solution.  The  reaction  rate 
equation  can  be  written  as  follows 

r  =  k0exp(-Tj  (3) 

where  r  is  the  reaction  rate  (ml  min-1  g_1 -catalyst);  k0  is  the  reac¬ 
tion  constant  (ml  min-1  g_1 -catalyst);  E  represents  the  activation 
energy  for  the  reaction;  R  denotes  the  gas  constant;  T is  the  reaction 
temperature.  Following  Eq.  (3),  In r  versus  1/T  is  plotted  in  Fig.  11 
using  the  data  in  Fig.  10.  From  the  slope  of  the  data,  the  activation 
energy  for  the  hydrolysis  of  NaBH4  by  the  Co-P  catalyst  is  calculated 
to  be  60.2  kj  mol-1 ,  which  is  close  to  the  previously  reported  value 
of  56  kj  mol-1  for  a  Ru  catalyst  [6].  In  addition,  the  activation  energy 


1  wt.%  NaOH  +  10  wt.%  NaBH  solution  at  30  °C 
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Fig.  9.  Effects  of  bath  temperature  on  hydrogen  generation  properties  of  Co-P  cat¬ 
alysts  deposited  from  Co-P  bath  at  pH  12.5  at  50-90  °C. 


i/T  (lootric1) 


Fig.  11.  In  rreact  vs.  1  /T  plot  obtained  from  data  shown  in  Fig.  10  for  hydrogen  genera¬ 
tion  reaction  using  electroless-deposited  Co-P  catalysts  from  Co-P  bath  containing 
at  pH  12.5  at  60  °C. 
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for  the  Co-P  catalyst  is  smaller  than  that  for  pure  metal  catalysts 
(Co,  75;  Ni,  71;  Raney  Ni,  63  kj  mol-1)  [10]. 

4.  Conclusions 

The  effects  of  pH  and  temperature  of  the  Co-P  bath  on  the 
microstructures  of  electroless-deposited  Co-P  catalysts  and  their 
hydrogen  generation  properties  in  alkaline  NaBH4  solution  have 
been  investigated.  The  findings  of  this  work  are  as  follows: 

1.  Co-P  catalysts,  showing  a  duplex  layer  structure  with  outer 
spherical  Co-P  particles  on  an  inner  flat  Co-P  layer,  are  formed 
by  electroless  deposition  in  a  chloride-based  Co-P  bath  contain¬ 
ing  H2P02-  ions  at  pH  12.5.  The  Co-P  catalysts  consist  of  two 
different  phases,  namely,  nano-polycrystalline  Co  particles  in  an 
amorphous  Co-P  matrix  phase. 

2.  The  hydrogen  generation  properties  of  the  electroless-deposited 
Co-P  catalysts  in  alkaline  NaBH4  solution  depend  largely  on  both 
the  pH  and  the  temperature  of  the  Co-P  bath.  Both  these  param¬ 
eters  influence  the  size  of  the  nano-crystalline  Co  particles  in  the 
amorphous  Co-P  matrix  phase.  The  Co-P  catalysts  with  smaller 
crystalline  Co  deliver  higher  hydrogen  generation  rates. 

3.  The  electroless-deposited  Co-P  catalyst  has  much  higher  cat¬ 
alytic  efficiency  for  the  hydrolysis  of  NaBH4  than  the  Co  catalyst. 
For  instance,  the  Co-P  catalyst  formed  in  the  pH  12.5  bath  at 
60-70  °C  gives  a  hydrogen  generation  rate  of 3300  ml  min-1  g_1  - 
catalyst  in  a  solution  of  1  wt.%  NaOH  and  10  wt.%  NaBH4  at  30  °C, 
which  is  60  times  higher  than  that  of  the  Co  catalyst.  The  acti¬ 
vation  energy  for  hydrolysis  of  NaBH4  by  the  Co-P  catalyst  is 
calculated  to  be  60.2  kj  mol-1. 
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